Based on fieldworks, trench excavation, archaeological evidence, and radiocarbon dating ages, we have identified at least three large normal faulting events within Aso caldera in the past ~3000 years, excluding the 2016 M w 7.1 Kumamoto earthquake. These events took place in AD ~1000, BC ~100, and BC ~1100, respectively, suggesting an average recurrence interval of ~1000 years. These events coincide with the timings of three large inferred paleoearthquakes within the Hinagu-Futagawa Fault Zone (HFFZ), where the 2016 Kumamoto earthquake rupture began. On the basis of geological, geophysical, and seismic data, we conclude that the recurrent normal faulting events within Aso caldera were triggered by the active faults of the HFFZ. As for the 2016 Kumamoto earthquake, seismic rupture initiated on the southwest side of the caldera, propagated northeastward, and terminated inside it. These findings demonstrate that large recurring earthquakes within an active fault-volcano system can be studied to improve our understanding of the termination of coseismic rupture propagation, and that the magma chamber beneath Mt. Aso probably hinders the propagation of coseismic rupture during large earthquakes.
Two active faults have developed within Aso caldera; the NE-striking Kurokawa Fault (part of which was previously called Nijutoge Fault 10 ) developed mostly along the Kurokawa River, on the western side of the caldera (Fig. 1b,c) , is the target of this study, and the WNW-striking Shirakawa Fault. Within the caldera, coseismic surface ruptures related to the 2016 Kumamoto earthquake, that cut throughout the southwestern ring of the caldera, developed mainly along the Kurokawa Fault and are typically associated with coseismic graben structures 3, 4 (Fig. 1b) . The WNW-striking Shirakawa Fault cuts alluvial fans that were formed by southward-flowing tributaries of the Shirakawa River. The 2016 coseismic surface ruptures formed also along the fault scarp of the Shirakawa Fault over a distance of ~7 km 4 (Figs 1b and 2b-d). Recent seismicity, including the 1997 and 1999 earthquake swarms within Aso caldera, is mainly concentrated along the Kurokawa Fault ( Fig. 2b-d ) 10 . Seismic data indicate that the Kurokawa Fault is an active seismogenic fault that produces volcanic earthquakes within Aso caldera, which are mainly associated with normal faulting and volcanic activity due to a crustal heat source, i.e., magmatic material 14 .
On the southwest side of Aso caldera, two other main active strike-slip faults have developed along the topographic boundary between the mountain to the southwest side and the Kumamoto Basin to the northeast: the Hinagu Fault strikes NNE-SSW to NE-SW and extends for ~81 km, while the Futagawa Fault strikes NE-SW to ENE-WSW and extends for ~64 km 15 . These faults form a continuous fault zone called the Hinagu-Futagawa Fault Zone (HFFZ; Fig. 1b) . The 2016 M w 7.1 Kumamoto earthquake produced a ~40 km long surface rupture zone that initiated at the epicenter, ~30 km southwest of Aso caldera, propagated northeastward along the pre-existing HFFZ into the caldera, and finally terminated inside it 3, 4 (Figs 1b and 2a). Recent study showed that the recurrence interval of large earthquakes on the HFFZ is ~1000 years and the average strike-slip rate is ~1-2 mm/yr 16 
.
Graben structures within Aso caldera. Coseismic graben structures have developed along the coseismic surface rupture zones produced by the 2016 Kumamoto earthquake on the western side of Aso caldera. These grabens extend for ~10 km, mostly along the Kurokawa Fault, with a maximum vertical offset of 1.75 m 3, 4 (Fig. 1b ,c and Supplementary Fig. S2 ). The Kurokawa Fault is characterized by graben structures that were observed in trenches and fault outcrops at Locs. 1-4 (Figs 2-4) and are identified from resistivity and electromagnetic profiles across the fault zone (Fig. 5 ). Normal faults with vertical offsets of up to ~3 m were observed in a large-area excavation site (>1 × 10 4 m 2 ) around Locs. 1 and 2 that was part of an archaeological study of Yayoi ruins 10 . Many fractures are found at the trench site in both horizontal excavation sections and trench walls, and they cut the near-surface soil layers and form graben structures (Fig. 3a-c and Supplementary S2a,b). Archaeological remains have been unearthed in a graben structure (1-10 m wide) at the site, including pottery, jade, and stone implements from the Yayoi period 17 (BC ~300 to AD ~300; see Supplementary Fig. S2c,d ). At Loc. 2, a waterway construction site on the Kurokawa River located ~100 m northeast of Loc.1, a fault striking N60°E and dipping ~60° to the southwest was observed at an outcrop with length >20 m and height ~10 m (Fig. 3c) 
10
. The fault cuts near-surface sedimentary layers of sandy soil and volcanic deposits, in which dark surface soil materials have been filled in fractures of the fault zone (Fig. 3b,c) 
. Based on the deformation features of the sedimentary layers and radiocarbon dating ages, the most recent faulting event at this site is estimated to have occurred ~1000 years ago 10 . At Loc. 4, we found a normal fault at the boundary between the mountain and the lowland area (Figs 1c  and 3d) . A 1.3 m high fault scarp occurs on an alluvial fan that was produced by a southward-flowing tributary (Fig. 3d) . The alluvial deposits comprise a yellowish volcanic ash layer, dark gray near-surface sandy soil materials, and alluvial sand-gravel that contains large gravels (>1 m in size), which are cut by a fault striking N60°E and dipping SE at an angle of ~70° (Fig. 3d) . Radiocarbon dating of materials from the near-surface soil and the sandy-soil deposit overlying the volcanic ash layer yields ages of 1810 yr BP and 5100 yr BP, respectively (Fig. 3d , Table 1 ), indicating that at least one normal faulting event occurred in this area over the past ~1800 yrs. Analysis of resistivity and electromagnetic profiles across the coseismic surface rupture zone and the Kurokawa Fault reveals that the graben structure lies within a zone that is 200−300 m wide, with sharp resistivity boundaries along two main steeply-dipping (>80°) normal faults that cut the near-surface sedimentary deposits and extend to depths of >1 km ( Fig. 5a-d ). S-wave velocities estimated from array microtremor surveys suggest that the lower depth of ~1000-1100 m/s stratigraphic layer is ~120 m above sea level on the NW side of the F1 fault and ~70 m below sea level on the SE side (Fig. 5d) . Analysis of resistivity profiles and S-wave velocities measured in situ indicate that the vertical offset of layers with the same resistivity and velocity values varies from 30 m in near-surface layers at depths of <100 m, and up to ~200 m in the layers at a depth of >500 m along the F1 fault within the graben structure (Fig. 5c,d ). The maximum coseismic vertical offset measured at the trench site along the 2016 surface ruptures is <0.5 m 3,4 (see Supplementary Fig. S3 ). The deformation features of the strata show that apparent vertical offsets of up to ~200 m have accumulated in the sedimentary sequence, owing to the many large normal-faulting earthquakes within the caldera similar to those caused by the 2016 M w 7.1 Kumamoto earthquake.
Trench investigations.
A trench was excavated across the coseismic rupture zone at Loc. 3, ~200 m southwest of Loc. 2, along which the topographic surface is vertically offset by 0.3-0.5 m (Fig. 1c and Supplementary  Fig. S3 ). The trench walls were sketched using a 1.0 m grid overlay ( Fig. 4 and Supplementary Fig. S4 ) and are described in detail below. 14 soil samples containing organic materials were taken from this trench for radiocarbon dating. Dendrochronologically-calibrated calendar ages were obtained using the calibration method 16 . The dating results and calibrated ages are listed in Table 1 .
The deposits exposed in the trench include sandy soil, volcanic ash deposits, and fine-grained sand-silt that can be divided into 24 sedimentary units (Units 0-23, Fig. 4 ) based on the properties, color, and layering structures Table 1 of the sediments. Units 0-8 consist of soil materials and volcanic sediments containing organic soils that are brownish-gray to dark gray in color and yield calibrated 14 C ages of AD 1045-1670 (Fig. 4, Table 1 ). Unit 9 is composed of dark-gray soil materials and yields 14 C ages of AD 655-880. Units 10-22 consist of silt to fine-grained sand sediments with some dark gray soil materials, yielding 14 C ages of BC 1435 to AD 100 (Fig. 4, Table 1 ). All of these sedimentary layers are cut by faults F4 and F5. The sedimentary layers of Units 9-23 are cut by faults F1-F3 and F6-F9, and overlain by the sedimentary layers of Units 1−8 (Fig. 4) . Liquefaction structures are observed in the sand sediment layers of Units 17-19 and Units 22-23 ( Identification of morphogenic faulting events. Based on the structural features, including fault structures, sedimentary sequences, and deformation features of the sediment layers as well as radiocarbon dating age data, we identified at least three large earthquakes (E2-E4) in the past ~3000 years that occurred prior to the 2016 M w 7.1 Kumamoto earthquake (E1) on the Kurokawa Fault. These are discussed below.
All of the sedimentary layers exposed in the trench were offset by faults F4 and F5, and a vertical offset of ~0.3 m, related to the 2016 Kumamoto earthquake (E1), was observed at both the ground surface and in the sedimentary layers (Fig. 4) . The sedimentary layers of Units 9-23 are cut by faults F1-F3 and F6-F9, which are overlain by Units 0-8 (Fig. 4) . These observations indicate that a faulting event occurred after the deposition of Unit 9 (AD 655-725, AD 680-880) and before Unit 8 (AD 1045-1095, AD 1155-1260), coincident with the normal faulting event inferred at Loc. 2, where soil veins filled in fractures within the near-surface sedimentary layers at ~1000 years ago 10 (Fig. 3) . Fault scarps at Loc. 4 are vertically offset by ~0.5-1.0 m, indicating a normal faulting event in the past 1800 years (Fig. 3d) . Based on the timing constraint model, we infer that a faulting event (E2) occurred in the period between AD ~800 and AD ~1200 (Event 2 in Fig. 6a) .
The penultimate faulting event (E3) occurred during the deposition of units 11 and 12. Fine-grained sand material was injected upward into the sand layer of Unit 12 along faults F4 and F5, these injection veins can be traced to the sand layers of Unit 17 with irregular boundaries (Fig. 4 ; see Supplementary Fig. S4d-g ). These upward-injected sand veins are in turn cut by the downward injection of veins of dark-gray surface soil formed along faults F4 and F5 by the 2016 Kumamoto earthquake ( Fig. 3 ; see Supplementary Figs S4d and  S5) . Furthermore, the sedimentary layers of Units 15-17 were offset ~0.3-0.5 m along F4 fault ( Fig. 4b and Supplementary Fig. S4f ). These structural features show that the sand material of Unit 17 was liquefied and injected upward along faults F4 and F5 throughout the sand layers of units 16 Table 1 At Loc. 1, the archaeological evidence reveals that the area inhabited during the Yayoi period was cut by normal faults with a vertical offset of 1.2 m 17 . The development of a graben structure buried numerous remains, including pottery fragments, firestones, and other artifacts 17 . The normal faults that cut the sedimentary layers formed at ~2760 yr B.P. and are covered by the younger layers that formed in the past 1600 years, indicating a graben-forming event that occurred during the Yayoi period, 1600-2600 yr B.P 17 . Therefore, we infer that this event resulted in the formation of the injection veins in units 12-17 at Trench A. Based on the timing constraint model, we infer that another faulting event (E3) occurred during the period between BC ~680 and AD ~200 (Event 3 in Fig. 6a ).
In the lowest parts of the trench walls, the sand material of Unit 23 is disturbed by irregular veins and lenses showing brownish-to yellowish-color within a zone bounded by faults F4 and F5 in units of 19 and 20 and overlain by the sand layer of Unit 18 ( Fig. 4 ; see Supplementary Fig. S4b-g ). These observations indicate the liquefaction of a sand layer in Unit 23 and that the liquefaction event (E4) occurred in the period between Units 19-23 and Unit 18. Radiocarbon dating ages show that E4 occurred in the period between BC ~1200 and BC ~1000 (Event 4 in Fig. 6a ).
Discussion
Earthquakes with M ≥ 7 at shallow focal depths can generally produce distinctive coseismic surface ruptures and cause strong ground deformation that can be preserved in sedimentary horizons and therefore can be identified via trench surveys 19, 20 . Two historical/paleoseismic events prior to the 2016 M w 7.1 Kumamoto earthquake are identified on the HFFZ-Aso volcano system in this work; however, the magnitudes and epicenters of these earthquakes cannot be determined because no historically or instrumentally recorded earthquakes of M ≥ 6.5 have occurred within Aso caldera. Furthermore, there is no evidence of surface ruptures with significant offsets caused by the four largest foreshocks and aftershocks (M w 6.0-6.5) that occurred in the two-week period surrounding the 2016 M w 7.1 Kumamoto earthquake 4, 21 . Historical and paleoseismic studies have shown that the recurrence intervals of large earthquakes can be relatively well-constrained, thus providing the most direct measurements of recurrence intervals of moderate to large earthquakes along active faults 16, 19, 20 . Historical and instrumental records show that eight large earthquakes (6.7 ≥ M ≥ 6.0) have occurred in central Kumamoto Prefecture around the HFFZ (i.e., the present study area) in the past 400 years, and M ≤ 6.3 earthquakes occurred within Aso caldera in 1894 and 1895 15 . Historical earthquakes in the Japanese islands with magnitudes of <6.5 have not produced coseismic surface ruptures with distinct displacements and generally do not cause liquefaction 22 . Field investigations also confirm that the 2016 M w 6.1 foreshock occurred on 14 th April 2016 produced neither distinct surface displacements nor earthquake-induced liquefaction within Aso caldera 3, 4 . Therefore, we infer that the two M ≤ 6.3 historical earthquakes recorded in the past 400 years did not produce surface ruptures that altered local landforms and did not produce the liquefaction features discovered by our field studies. It follows that the three events before the 2016 earthquake that originated in this fault system also have magnitudes of ≥7.0, as this is the minimum magnitude necessary to produce the observed offsets, sedimentary layer properties, and liquefaction (Fig. 4) . Therefore, we estimate an average recurrence interval of ~1000 years for large HFFZ earthquakes (Fig. 6b) , consistent with previous estimates for the HFFZ 16 . Two questions arise concerning the three large paleoearthquakes identified in this study. First, were the faulting events that offset the near-surface sediment layers triggered by faults within the caldera or in the HFFZ? Second, if the latter, did the seismic ruptures propagate northeastward across the caldera and terminate within it, as occurred during the 2016 M w 7.1 Kumamoto earthquake? Geophysical and seismic studies have revealed that the crustal structures beneath Aso caldera are characterized by a low-velocity material (magma chamber) at depths of ~6 to 9 km 14, [23] [24] [25] [26] [27] . Seismic inversion results suggest that up to 1−2 m of fault slip occurred at shallow depths (<6 km) along the seismogenic fault within Aso caldera, but no distinct slip occurred at depths of >6 km under the caldera [28] [29] [30] . Field observations also reveal that the coseismic slip distribution along the fault shows an asymmetry pattern and that the coseismic surface ruptures occurred mostly along the Kurokawa Fault and are dominated by normal faulting with a maximum vertical offset of 1.75 m 3,4 ( Fig. 2a and Supplementary Fig. S1 ). In the trench walls and outcrops, the vertical offsets of sedimentary units are observed, which are considered to be the component of net slips, because it is difficult to estimate the strike-slip component of motions within the caldera. Both ends of asymmetric fault slip distribution profile are considered to be initiation points of rupture and barriers where fault propagation is arrested 31 . These seismic inversion results and field observations demonstrate that the coseismic fault rupture propagated to the northeast near the surface, where coseismic surface ruptures were observed in the field, but stopped at the magma chamber under the caldera, at a depth of >6 km. It follows from first principles that neither coseismic faults nor fractures can develop in a magma chamber if the magma is in a liquid state 3 . Previous studies show that volcanic earthquakes can produce surface displacements accumulated on the faults that developed at shallow depths above the magma within the calderas 32, 33 . In the study area, the Kurokawa Fault shows a straight linear trace, which also developed within Aso caldera. During the volcanic earthquake swarms occurred in November 1997 and March 1999 (Fig. 2b,c) 10 , there was no distinct surface displacement observed on this fault. Therefore, we conclude that the Kurokawa Fault developed at shallow depth of <6 km within Aso caldera did not have the potential to trigger large earthquakes.
Recent trench investigations of the Hinagu and Futagawa faults reveal that i) at least three morphogenic earthquakes prior to the 2016 Kumamoto earthquake occurring in the past 3000 years on the HFFZ (Fig. 6b) , with the most recent event (E2) occurred in the period between AD ~850 and AD ~1150; ii) the penultimate morphogenic event (E3) took place in the period between BC ~80 and AD ~200; and iii) the third event (E4) occurred in the period between BC ~1600 and BC ~800 16 . The timings of the three paleoearthquakes identified in this study are highly consistent with previous trench-based study in the HFFZ, which assigned ages of AD ~1000, AD ~100, and BC ~1100 to events E2, E3, and E4, respectively (Fig. 6b) . Accordingly, we suggest that the active faults of the HFFZ are the seismogenic faults that triggered the large paleoearthquakes; as in the case of the 2016 event. Coseismic rupture propagated northeastward to Aso caldera and displaced the near-surface sedimentary layers, finally terminating within the caldera (Fig. 2a) . If the surface rupture lengths caused by these historical/paleoseismic earthquakes are the same as that of 2016 Kumamoto earthquake with a length of ~40 km 3 , the possible moment magnitude (M) is estimated to be ~7 by using the empirical relationship (M = 5.08 + 1.16 Log SRL) between the magnitude (M) and surface rupture length (SRL) 34 , comparable with the 2016 earthquake. An earthquake cycle is likely to be stopped at the same boundary 35 . This boundary area in the HFFZ-Aso volcano system is characterized by high temperature and low shear wave velocity, density and resistivity, which may be related to the partially melted rheological condition at depths of 6 up to 15 km. This high-temperature material property near the volcano may act as a barrier to the dynamic rupture. Generally, the internal structure and local stresses within a fault zone can generate barriers to fracture propagation and contribute to fracture deflection and/or arrest 36 . In such cases, large faulting events in the earthquake cycle are stopped by the same barrier and produce identical magnitude as shown in this study. This study shows that large recurring earthquakes occur in an active fault-volcano system and that the magma chamber at Aso volcano played an important role in healing the propagation of seismogenic rupturing across the caldera.
Conclusions
The following conclusions can be drawn on the basis of field investigations, trench excavations, and radiocarbon dating results:
(1) Prior to the 2016 earthquake, at least three large normal faulting paleoearthquakes have occurred in the past ~3000 years, suggesting an average recurrence interval of ~1000 years for earthquakes large enough to produce surface ruptures along pre-existing normal faults within Aso caldera. (2) The most recent two large paleoseismic faulting events occurred in AD ~1000 and AD ~100, respectively. (3) Normal faulting paleoearthquakes within the caldera were the products of the combined HFFZ-Aso fault zone-volcano system, as was the 2016 M w 7.1 Kumamoto earthquake.
Our results confirm that the volcano probably hinders the propagation of coseismic rupture during large earthquakes due to the presence of magma 3 .
